Plasma actuators and various forms of volumetric energy deposition have received a good deal of research attention recently as a means of hypersonic flight control. An open question remains as to whether the required power expenditures for such devices can be achieved for practical systems. To address this issue, a numerical study is carried out for Mach 12 flow over a blunt nose elliptic cone to determine the amount of energy deposition necessary for flight control. Energy deposition is simulated by means of a phenomenological dissipative heating model. Validation studies of the flow simulation code in the absence of energy deposition are presented for a Mach 8 elliptic cone flow and a Mach 14 blunt elliptic cone. A parametric study of the effects of energy deposition is carried out for two blunt-nosed elliptic cone configurations: a 3 m long cone at Mach 12.6 and 40 km altitude, and a 0.2 m long cone at Mach 14.2 and roughly 42 km effective altitude. Three different volumetric energy deposition patterns are considered: a spherical pattern, a 'pancake' pattern (oblate spheroid), and a 'bean' pattern (prolate spheroid). The effects of energy deposition are seen to be relatively independent of these patterns. For the Mach 12.6 cone case, the pitching moment generated by energy deposition is 10-30% of that generated by a 0.05 m 2 mechanical flap at 2 • deflection. For the Mach 14.2 case, the corresponding figure of merit is on the order of 1000%. The effectiveness of volumetric energy deposition for flight control appears to scale strongly on the nondimensional parameter Q/(ρ∞u 3 ∞ L 2 ), and additional computations are warranted to explore this effect.
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I. Introduction
Aerodynamic control and drag reduction are major challenges for hypersonic vehicle designers. A good deal of research attention has recently focused on hypersonic plasma interactions and plasma flow control to explore ways of confronting these challenges.
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Minimizing drag in vehicle design leads to long thin bodies with sharp leading edges. This constrains the materials available for the vehicle's Thermal Protection System (TPS) because there is a required minimum thickness which may not be achieved for a given vehicle configuration. In addition, small defects in the production of the sharp edges can result in serious or even catastrophic problems for the TPS. 5 Blunting the leading edge reduces these drawbacks but results in a much larger wave drag. 6 Recent experimental and computational research by Shang et al. 7 has investigated ways of reducing drag on blunt nose bodies by means of plasma injection, while research by Kremeyer et al. 8 and Yan 9 focused on drag reduction and flow control using laser deposition (filamentation) ahead of conic and spherical geometries.
In addition to the design constraints, extreme heat, and pressure, traditional control surfaces (flaps) need to be positioned away from the center of gravity to extend the maneuverability of the vehicle. The location of such flaps is limited because the bow shock surrounding the vehicle will impinge on surfaces that extend beyond the shock envelope. This results in extreme pressure and heat transfer rates at the impingement point. As such, vehicle configurations tend to be streamlined with minimal protrusions from the fuselage. Mechanically driven flaps require clearance below the surface of the flap to provide space for the flap control arm and a strong attachment point to push from. In addition, there is a small gap in the TPS as the flap extends out to deflect the flow. This gap is difficult to protect and can cause heat related damage to the vehicle.
Plasma actuators are advantageous over mechanical controllers because they do not have moving parts, can be located either in or beneath the TPS, and use an electric power source. This extends the range of possible locations for the actuator and allows for multiple actuators to be powered by a central energy source. They can potentially be turned on and off very rapidly, and should have a minimal aerothermal penalty when turned off. Plasma actuators can serve multiple roles. They can be used to provide steering moments, 10 changes in vehicle lift, 11 control of flow separation, 12, 13 and local heat load mitigation.
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The primary objective of this research effort is to determine whether a useful degree of flight control can be achieved with practical levels of energy deposition by investigating the effects of energy deposition on a realistic hypersonic vehicle and its surrounding flow-field. In the following, we first present code validation studies using experimental data in the literature. Having successfully validated LeMANS, the code is applied to investigate plasma-based aerodynamic control.
II. Method
Flow-field results are obtained using Computational Fluid Dynamics (CFD) to solve the Navier-Stokes equations. The CFD computations are executed using the Michigan Aerothermodynamic Navier-Stokes (LeMANS) code which was developed at the University of Michigan. 15, 16 LeMANS is a general 2D/axisymmetric/3D, parallel, unstructured finite-volume CFD code. The numerical fluxes between cells are discretized using a modified Steger-Warming Flux Vector Splitting (FVS) scheme, except near shock waves. In these regions the original Steger-Warming FVS scheme is used. LeMANS employs a two-temperature model to account for thermal-nonequilibrium and a standard finite rate chemistry model for non-equilibrium chemistry. The two temperature model assumes that a single temperature T accounts for the translational and rotational energy modes of all species while the vibrational energy mode is accounted for by a separate temperature T v.
The usual conservation equations are solved:
LeMANS assumes the fluid is continuous and Newtonian. It also assumes Stokes' hypothesis when determining the viscous stresses.
A thermal actuator is considered as the plasma control device in this study. It is represented by a phenomenological model of dissipative heating. This model is accounted for in the Navier-Stokes equations by the addition of a source term S to the right side of energy equation (3) . The shape, strength, and location of the actuator are modeled using exponential decay of an ellipsoidal region.
Variables a and b are the equatorial radii (along the x and y axes) and c is the polar radius (along the z-axis). The angle φ is the angle between the x-axis of the ellipsoid and the x-axis of the flow. Coordinates (x 0 , y 0 , z 0 ) represent the centroid of the ellipsoid. Note that Q represents the total power deposited in the flow and ∞ −∞ S dx dy dz = Q The simulations are performed using second-order accurate discretization and carry double precision arithmetic throughout. Thermal equilibrium and a five species air chemistry model (N 2 , O 2 , N O, N , and O) are used in the simulations presented.
III. Results
III.A. 3D Sharp Elliptic Cone
Three dimensional calculations are carried out for a Mach 8 sharp elliptic cone originally studied experimentally by Kimmel et al.. 1, 18 The cone was mounted parallel to the freestream and consisted of a 2:1 aspect ratio, a half angle along the major axis of 14
• , and a length L = 1.016 m. It was machined from stainless steel with a 40 µm nose radius and surface roughness less than 0.81 µm. The flow conditions are listed in Table 1 .
A structured grid is generated because it is known to produce better results in regions near the surface of the body and through a shock. 19 One quarter of the geometry is used in the simulation because planes of symmetry exist along the major and minor axes. The 40 µm nose radius is accounted for along the tip's minor axis, resulting in a 80 µm radius along the major axis because of the elliptic geometry.
kg /m·s Re L 3.33 × 10 6 Table 1 . Flow conditions for the experiment of Kimmel et al.
1, 18
The model is aligned with the x-axis in the axial direction, the y-axis in the horizontal direction, and the z-axis in the vertical direction. A cylindrical coordinate system is also employed with θ = 0
• at the top centerline of the model (z-axis) and θ = 90
• at the leading edge (y-axis) as seen in Figure 1 . A gradual increase in grid spacing is used along the conic body with the smallest spacing near the tip. Radial points are algebraically spaced to increase the number of points close to the body. Grid points are equally spaced along the circumference. As a result, cell clustering occurs near the surface and the tip of the body. A grid independence study is conducted with i × j × k grid dimensions changing from 330 × 40 × 30 (coarse), to 440 × 50 × 40 (medium), to 550 × 60 × 50 (fine). Figure 2 shows very little change in Cp or St between the medium and fine grids, therefore the medium grid (440 × 50 × 40) is considered grid independent and used in the rest of the analysis.
Cross-sectional slices of the computed surface conditions are extracted to match the locations of the experimental measurements. Figure 3 (a) shows the non-dimensional pressure along the circumference of the body at x/L = 0.625. The pressure is relatively constant from the top centerline (θ = 0
• ) to the shoulder (θ = 45
• ), followed by a noticeable rise between the shoulder and the leading edge (θ = 90 • ). This behavior was also observed by Burke for a Mach 10 flow. 20 Kimmel et al. also provided computational results from a parabolized Navier-Stokes (PNS) solver 1, 18 which are included in the figures as an additional reference. Although the cone is sharp, the formation of the boundary layer at its tip results in a sharp rise in pressure and temperature near the stagnation point. This rise in pressure can be seen in Figure 3 • . In all three plots, the flow starts laminar and then transitions to turbulent as it proceeds along the body. The measured data were for Re L = 1.7 × 10 6 and 6.6 × 10 6 , whereas the case run by LeMANS has Re L = 3.3 × 10 6 . As observed in the figures, the length Reynolds number does not affect the Stanton number in the laminar region for these cases.
III.B. 3D Blunt Elliptic Cone
A second three dimensional validation study is performed on a Mach 14 blunt elliptic cone originally studied experimentally by Nowlan et al.. 2 The model was mounted parallel to the freestream and had a 2:1 aspect ratio, a half angle along the major axis of 10
• , and a length L = 0.21 m. Details of cone geometry are provided in Fig. 5 . The flow conditions are listed in Table 2 .
A structured grid is generated following the same procedures and coordinate system as the sharp elliptic cone. A grid independence study is conducted with i × j × k grid dimensions changing from 150 × 30 × 30 (coarse), to 300 × 60 × 60 (medium), to 380 × 80 × 80 (fine). Figure 6 shows very little change in Cp or St between the medium and fine grids, therefore the medium grid (300 × 60 × 60) is considered grid independent and used in the rest of the analysis. Figure 7 shows the non-dimensional pressure along the circumference of the body at two axial locations and along two rays. Following a similar trend as the sharp cone observations, the pressure is relatively constant from the top centerline to the shoulder, followed by a gradual rise between the shoulder and the leading edge. The variation in pressure distribution along the rays is much more dramatic compared to the sharp cone because the blunt tip results in a strong detached bow shock and, consequently, a large stagnation region.
Stanton number distributions in Fig. 8 show that LeMANS follows the same trends as those observed in the measurements. Overall, LeMANS effectively demonstrates its capability of accurately computing three dimensional hypersonic flows.
III.C. Realistic Hypersonic Geometry
The blunt elliptic cone geometry is selected to represent a realistic hypersonic vehicle, with L = 3 m set as the representative vehicle length. Assuming the vehicle has constant material density, its center of gravity (CG) is located 1.95 m from the tip along the x-axis (x/L = 0.65). The model is simulated in air at 40 km altitude, with a freestream velocity of 4000 m / s . The complete flow conditions are provided in Table 3 .
Parameter Value A grid independence study is conducted with i × j × k grid dimensions changing from 150 × 30 × 30 (coarse), to 300 × 60 × 60 (medium), to 380 × 80 × 80 (fine), to 400 × 80 × 120 (very fine). Figure 9 shows very little change in Cp or St between the fine and very fine grids. Grid independence is achieved with the 380 × 80 × 80 (fine) grid and is used in the following simulations that include energy deposition.
III.C.1. Nominal Force Requirement
An estimate of the pitching moment produced by a mechanical flap attached to this nominal vehicle is found by assuming a 2
• flap with a cross-sectional area of 0.05 m 2 (0.5 m × 0.1 m) is attached along the vehicle's top centerline as illustrated in Fig. 10 . Figure 11 plots a cross-sectional slice of Mach number contours where the beginning of the flap protrudes from the body. Setting M ∞ = 1.5 and θ = 2 • , oblique shock theory is used to find p flap ≈ 1000 Pa. This results in a pitching moment of about 50 N-m.
III.C.2. Parametric Study Conditions
To limit the scope of the problem, three volumetric deposition shapes are selected. Namely a sphere, pancake (oblate spheroid), and bean (prolate spheroid) are employed such that the volume of the ellipsoid (V = 4/3πabc) remains constant. The values used are listed in Table 4 . Table 4 . Deposition geometry parameters.
The centroid of the deposition is positioned along the top centerline (y 0 = 0) and must be at least three characteristic length scales (σ) away from the surface of the body to ensure the entire deposition is deposited into the flow-field (
S dx dy dz = 0.9999 * Q). This distance is the minimal length from the centroid of a spherical energy deposition to the surface of the body and is denoted, f, in Figure 12 . With f = 3σ = 3 a = 0.021 m, the values of z 0 and φ can be determined for a given x 0 by enforcing equation (7). This determines the location of [x 1 , z 1 ] and its outward normal unit vector n. Equation (9) is used to determine φ so the cross-section of the deposition is parallel to the body as illustrated in Figure 13 for a pancake deposition.
Using the Mach 5 flat plate experiment originally studied by Kimmel et al. 4, 11, 13, [21] [22] [23] [24] [25] [26] and recent power generation experiments, 27 realistic power input is assumed to lie in the range of 1000 W to 15,000 W. The deposition is positioned near the vehicle tip to maximize the distance from the center of gravity (CG). Variation in the input power, Q, and the distance along the body, x/L, leads to the test matrix shown in Table 5 . 
III.C.3. Parametric Study Results
The total amount of energy deposited into the flow is characterized by the nondimensional total energy deposition valueQ. For the cases in the studyQ = 4.3 × 10 −7 , 1.7 × 10 −6 , and 6.5 × 10 −6 for Q = 1000 W, 4000 W, 15000 W respectively. This parameter provides some information on vehicle and application scaling.
The axial location of the energy deposition is apparent after investigating the pressure coefficient and Stanton number along the top centerline (θ = 0
• ) for the three shapes in Figure 14 . Although there is a slight increase in the Stanton number, it is accompanied by a noticeable rise in the pressure coefficient, particularly in the sphere and pancake depositions. The total forces acting on the body in the Cartesian coordinate system are found by multiplying the combined stress tensor and pressure matrices by the corresponding area vector.
With the local force known, the pitching moment is determined by multiplying the downward force (F zij ) by the moment arm (∆x = x ij − x CG ). For each scenario, the pitching moment is compared to the baseline and then normalized by the effective pitching moment due to the mechanical flap found previously (M p f lap = 50 Nm). Figure 15 plots the normalized change in total pitching moment for each of the shapes. The points are fitted with a parametric spline because of their assumed non-linearity. The plots show the energy deposition is unable to provide the same level of control authority as the mechanical flap. In addition, while the shape of the deposition appears to have noticeable effects on the local pressure coefficient and Stanton number, it does not appear to have a large impact on the overall change in the pitching moment.
III.D. Small Blunt Elliptic Cone With Energy Deposition
The effects of energy deposition are also simulated for a few cases using the L = 0.2 m blunt elliptic cone with freestream conditions found in Table 2 . Using the smaller geometry and the higher altitude freestream conditions increases the non-dimensional total energy deposition valueQ by several orders of magnitude. For the cases run,Q = 4.0 × 10 −4 , 8.0 × 10 −4 , and 1.6 × 10 −3 for Q = 500 W, 1000 W, and 2000 W respectively. The deposition is modeled as an oblate spheroid (Pancake), though its geometry is not identical to the one run in the L = 3 m parametric study. Table 6 lists the values used to represent the energy deposition volume and location. The energy deposition is positioned near the bow shock (x/L =0.15 m). Table 6 . The location of energy deposition for Mach 14 blunt elliptic cone.
Unlike the larger geometry cases, the energy deposition on the smaller blunt cone results in a large temperature rise at and downstream of the deposition as illustrated in Figure 16 for Q = 1000 W deposition. This results in a strong heat transfer penalty, but gives rise to a dramatic increase in the local peak pressure coefficient distribution as seen in Figure 17 . The pitching moment due to the flap is found following the layout covered in subsection III.C.1 with the flap geometry scaled to match the previous flap dimensions (M p f lap = 4×10 −3 Nm). The effective pitching moment, shown in Figure 18 , indicates that energy deposition is an viable replacement for the mechanical flap under these conditions. These results are combined with those obtained for the large blunt elliptic cone using the using the non-dimensional total energy deposition parameterQ. Figure 19 shows a strong correlation betweenQ and the effective pitching moment and suggests that energy deposition is a viable replacement for a mechanical flap whenQ > 1 × 10 −4 .
IV. Conclusions
The Michigan Aerothermodynamic Navier-Stokes (LeMANS) code was successfully validated for threedimensional blunt and sharp elliptic cones. In addition, a phenomenological heating model was implemented to investigate whether a practical level of control could be achieved for a realistic hypersonic vehicle. A parametric study was completed investigating the shape, location, and total amount of energy volumetrically deposited into the flow-field for two blunt-nosed elliptic cone configurations. The effectiveness of volumetric energy deposition for flight control appeared to scale strongly on the nondimensional parameter
2 ), warranting additional computations to explore this effect.
V. Future Work
In future studies, we will consider the potential additional benefits of electromagnetic fields. The addition of the magnetohydrodynamics (MHD) equations to LeMANS by means of a current continuity equation module will provide additional design tools to model design configurations that incorporate the use of a magnetic field to help with flow control. The Mach 5 flat plate experiment mentioned previously had some experiments measuring the effects of a magnetic field on the flow, with and without energy deposition from the plasma actuator. 13, 22 Their work showed an additional increase in resulting forces, when the plasma actuator was on. This experiment will be used to verify the addition of the MHD module. Pancake Figure 19 . Normalized change in pitching moment versus the non-dimensional total energy depositionQ for a pancake energy deposition.
